D
iabetic peripheral neuropathy (DPN) is one of the most common complications of diabetes, with lower limb pain and sensory loss caused by slow peripheral nerve degeneration. The most common form of DPN is symmetrical distal degeneration of peripheral nerves combined with impaired nerve regeneration. 1 As a consequence of DPN, people with long-standing diabetes may have pain or significant deficits in tactile sensitivity, vibration sense, and lower-limb joint proprioception. These sensory deficits may contribute to impaired balance and gait, with increased risk of falls, lower extremity injury, and amputation. [2] [3] [4] [5] People with DPN are more likely to be sedentary and to have decreased daily walking distances. 6 Several large-scale randomized controlled trials have established that aerobic exercise improves physical fitness, glycemic control, and insulin sensitivity in people with diabetes. [7] [8] [9] [10] However, people with DPN may not respond to exercise in the same way. Neuropathic pain may interfere with a person's willingness to participate in an exercise program, and there is evidence that neuropathy also may interfere with pain modulation during exercise. 11 As recently as 2008, the Standards of Medical Care in Diabetes position statement published by the American Diabetes Association stated that only non-weight-bearing activities should be encouraged in people with DPN. 12 Current guidelines have been adjusted because moderateintensity weight-bearing activities do not appear to increase the risk of foot ulcers in people with DPN. 13, 14 The physical activity target for adults with diabetes is a minimum of 150 minutes of moderate-intensity aerobic activity (ie, 50%-70% of the maximal heart rate [HR]) per week. 15, 16 However, no studies have identified the most appropriate rate of progression to achieve this level in people who are sedentary and have type 2 diabetes, as noted by Colberg et al. 16 Few studies have examined whether exercise provides specific benefits for glycemic control in people with DPN, 17, 18 although emerging research has shown promising effects of exercise on cutaneous reinnervation and decreased neuropathic symptoms in small, uncontrolled trials. 18, 19 Several larger randomized controlled trials in older adults with DPN have demonstrated that exercise results in increased levels of activity in the home, 14,17 with inconsistent results for balance and fall risk. 20 -23 No studies have examined the use of aerobic exercise to improve several other relevant outcomes in people with DPN, including fatigue, cardiovascular fitness, sleep quality, body fat, plasma lipids, and vascular function. Little is known about the need for physical therapist supervision or monitoring during exercise interventions for people with DPN.
Fatigue is a common symptom in people with diabetes, reported by 24.6% of adults with type 2 diabetes in a recent large-scale longitudinal survey. 24 In addition to fatigue being more common, people with diabetes report higher levels of fatigue than people without diabetes, 25 and older adults who had diabetes and reported fatigue had lower survival rates 24 months later than people without fatigue. 24 A relationship between fatigue and cardiovascular fitness has been found in people with other chronic neurologic con- 
What new information does this study offer?
The study participants, all with diabetic nerve damage, were able to complete the exercise program without serious problems. However, several minor problems with pain or blood sugar values occurred. After completing the exercise program, the participants had decreased fatigue and other benefits. 
Method
This nonrandomized, single-group preliminary study utilized a preintervention-postintervention measurement design, with all enrolled participants taking part in the intervention. The study was completed at the University of Kansas Medical Center, with data collection between June 2012 and July 2013.
Participants
Potential study participants were identified either by self-referral in response to study advertisements or through the Frontiers Research Participation Registry program (supported by a National Institutes of Health-funded Clinical and Translational Science Award). People who were 40 to 70 years of age, who reported a diagnosis of type 2 diabetes with symptoms of neuropathy, and who were interested in the study were screened by a phone interview. The phone interview included the Telephone Assessment of Physical Activity 27 to identify participants who were sedentary or underactive, as determined by a score of Յ5. Those who qualified provided consent by signing an institutionally approved informed consent form and then underwent further screening before enrollment to confirm the absence of the following exclusionary criteria: serious cardiac pathology, unstable hypertension, or serious musculoskeletal problems that would limit the ability to exercise; skin conditions, circulatory insufficiency, or open wounds on the leg; inability to ambulate independently; stroke or other central nervous system pathology; body weight of greater than 202.5 kg (450 lb); inadequate cognition and communication abilities, defined as scores of less than 24 on the MiniMental State Examination; or pregnant or planning on becoming pregnant, confirmed with a urine pregnancy test for women who were premenopausal. Because a skin biopsy also was obtained for analysis of intraepidermal nerve fiber density and nerve growth factors (not reported here), additional exclusionary criteria included lidocaine allergy and blood clotting disorder.
After consent but before enrollment, a clinical examination was performed by a neurologist (M.P.) to confirm the presence of DPN on the basis of standard criteria 28 : "possible" (symptoms or signs of DPN), "probable" (symptoms and signs of DPN), or "confirmed" (abnormal nerve conduction with symptoms and signs of DPN). Participants also completed a graded maximal exercise test with integrated electrocardiography to confirm their ability to exercise safely before enrollment and to provide baseline VO 2 peak values (more details about this test are provided in the description of cardiovascular fitness outcomes). Once the participants were enrolled, their primary care physicians were notified of their involvement in the study.
Interventions
All participants were scheduled for 16 weeks of supervised aerobic exer- Participants had access to a variety of aerobic training equipment, including cycle ergometers, treadmills, recumbent steppers, and elliptical trainers. Each session began with a 5-to 10-minute warm-up, ended with a 5-to 10-minute cool-down, and included the target HR duration noted in Table 1. Sessions were supervised by licensed health care professionals or health care professional students, with no more than 4 participants per supervisor. Blood glucose level, blood pressure, HR, and rate of perceived exertion (RPE) were monitored during each session. A visual foot examination was performed once each week to ensure the absence of developing foot ulcers, and participants were encouraged to inspect their feet on a daily basis. If individual participants had difficulty achieving the target HR during the session, a moderate RPE level (11-13 on the 17-point scale) 30 was used to indicate a comparable work level. 31 Participants were not permitted to exercise if resting blood pressure was greater than 200 mm Hg (systolic) or greater than 110 mm Hg (diastolic). Responses to blood glucose levels followed recommended guidelines 15 :
• If hypoglycemic (Ͻ100 mg/dL), carbohydrate snacks were provided, and glucose testing was repeated.
• If hyperglycemic (Ͼ300 mg/dL) and the participant was not taking insulin, exercise was permitted with close monitoring of blood glucose every 10 to 15 minutes to ensure that the blood glucose level did not increase with activity.
• If hyperglycemic (Ͼ300 mg/dL) and the participant was taking insulin, urine was checked for ketosis. If the ketone test result was positive, then exercise was postponed. If the ketone test result was negative, then exercise was permitted with close monitoring of blood glucose every 10 to 15 minutes.
Documentation of AEs
During each study visit, participants were asked about AEs, including falls, changes in medical status, or problems that occurred during study participation. These events were classified as either related or unrelated to study procedures; anticipated (included in consent form) or unanticipated (not included in consent form); and serious (grade 4 of Common Terminology Criteria for Adverse Events [CTCAE v3 .0]) 32 or not serious (grade 1, 2, or 3 of CTCAE v3.0). A neurologist (M.M.D.) without financial interest in this project served as the independent data and safety monitor for this study.
The number of participants screened or enrolled, the number of dropouts, and the number, frequency, and response to AEs were reviewed by the data and safety monitor quarterly during the project.
Outcomes
Assessments were completed at baseline and after the 16-week intervention.
Fatigue. The Multidimensional Fatigue Inventory is a questionnaire consisting of 20 statements scored in 5 subscales: general fatigue, physical fatigue, mental fatigue, reduced motivation, and reduced activity. 33 Reliability and validity were established in people with cancer and chronic fatigue syndrome, 33,34 and this instrument was used in previous studies of fatigue in people with diabetes. 35, 36 Each item is scored from 1 to 5 (from agreement with the accompanying statement ["yes, that is true"] to disagreement ["no, that is not true"]). Total scores can range from the minimum of 4 to the maximum of 20, and a higher score indicates more fatigue. In addition to continuous monitoring of HR and rhythm during the test, blood pressure and RPE were measured at the end of each stage (ie, 2-minute intervals) until maximal effort was achieved. Criteria for a "maximal" exercise test included reaching a plateau in VO 2 with increased workload, a respiratory exchange ratio of greater than or equal to 1.15, a peak HR within 85% of the age-predicted maximal HR, and an RPE of greater than or equal to 18. 29 The test was stopped before maximal effort was achieved if any of the following occurred: angina, dyspnea, fatigue (voluntary exhaustion or inability to maintain a stepping cadence of Ͼ110 steps per minute), hypertension (Ͼ250 mm Hg systolic or Ͼ115 mm Hg diastolic), hypotension, or ischemic electrocardiography abnormalities.
The same exercise physiologist administered tests both before and after the intervention and used standardized procedures to minimize bias (timed encouragement scripts, no review of preintervention test results before postintervention tests). The VO 2 peak (mL⅐kg Ϫ1 ⅐ min Ϫ1 ) obtained from these tests was used as an outcome measure and to calculate a moderate intensity (50%-70% of VO 2 reserve) for the aerobic training program as described previously.
Sleep quality. The Pittsburgh Sleep Quality Index was used to measure sleep quality with a series of questions to arrive at a score ranging from 0 (very good) to 3 (very bad). 38 This index was found to be a reliable and valid measure of sleep disturbances in a wide range of people. 38 -42 Body composition. Participants were scanned with dual-energy x-ray absorptiometry (Lunar iDXA, GE Healthcare, a subsidiary of General Electric, Little Chalfont, Buckinghamshire, United Kingdom). Outcome measures included total body fat (percentage), fat mass (grams), lean mass (grams), visceral fat volume (cubic centimeters), visceral fat mass (grams), and bone mineral density (g/cm 2 ). Peripheral vascular function. Flow-mediated dilation (FMD) in the brachial artery was assessed after an overnight fast with previously described methods. 44 Participants were asked to refrain from food or caffeine for 12 hours and vigorous activity for 24 hours before the FMD procedure. Participants rested in the supine position for 20 minutes before the FMD procedure at a controlled temperature (22°C-24°C). An automated cuff with a rapid inflation system (DE Hokanson, Bellevue, Washington) was placed just distal to the olecranon process. 45, 46 Once a satisfactory image of the brachial artery was obtained, the transducer was stabilized with a customdesigned holder. Because we performed repeated scans, the location of the transducer was marked, and measurements from the olecranon process (reference point) were recorded to ensure identical location. Baseline diameter and blood flow velocity were recorded continuously for 60 seconds. Then, the automated cuff was inflated to 220 mm Hg, and the inflation was maintained for 5 minutes. Twenty seconds before cuff deflation, recordings of diameter and blood flow velocity were resumed. At 5 minutes, the cuff was deflated, and ultrasound images continued to be recorded for another 3 minutes. All images were stored on a computer and analyzed offline with specialized software (Brachial Analyzer, Medical Imaging Applications, Coralville, Iowa) and an automated mathematical algorithm to determine the peak FMD.
Data Management
Case report forms for this project were developed on the basis of general common data element forms developed for neuromuscular disease by the National Institutes of Health. 47 Data from these forms were entered into a spreadsheet (Microsoft Excel 2010, Microsoft Corp, Redmond, Washington). A 100% quality audit was performed by the study team after the completion of data collection to ensure the accuracy of data entry. Duration of diabetes, y, X (SD) 15.1 (6.5)
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Data Analysis
Duration of neuropathy, y, X (SD) 6.5 (4)
Resting heart rate, bpm, X (SD) 74 (9.2)
Resting systolic blood pressure, mm Hg, X (SD) 127.5 (13.7)
Resting diastolic blood pressure, mm Hg, X (SD) 74 (9. 
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Results
The numbers of participants who consented, enrolled, and completed the study are shown in the Consolidated Standards of Reporting Trials (CONSORT) diagram (Fig. 1) . Screen failures after consent were secondary to exclusion criteria (nϭ3), uncontrolled hyperglycemia (nϭ1; referred to a physician for followup), or difficulty with the exercise test (nϭ3; 2 participants had angina and ST segment depression during the cool-down phase of the exercise test, and all 3 participants were referred to a physician for follow-up and were not enrolled in the study). After enrollment, 2 participants withdrew-1 before starting the intervention secondary to a new open wound that required hospitalization and 1 voluntary withdrawal after starting the intervention because of knee pain.
Participant demographics and medical information are shown in Table 2 . Although dose and type of medication may have changed during the study, only one participant reported stopping or starting a medicationfrom using insulin at the beginning of the study to not using insulin at the end of the study. On the basis of standard criteria, 28 DPN was identified as confirmed in the majority of participants (nϭ12; 66.7%), probable in 4 participants (22%), and possible in 2 participants (11%).
Attendance at the 48 scheduled exercise sessions was 67.8% (SDϭ19.9%, rangeϭ33.3%-93.8%). On several occasions, participants missed the scheduled supervised sessions and reported exercising at home instead.
Inclusion of the home exercise sessions increased the mean exercise adherence to 76.6% (SDϭ16.5%, rangeϭ33.3%-95.8%).
Summary of AEs
No serious AEs occurred in enrolled participants as a result of the study procedures, and no unanticipated AEs occurred as a result of the study procedures. A total of 57 grade 2 AEs (clinical symptoms that required minimal, noninvasive intervention) occurred in the 18 participants during the 16-week study intervention. A frequency distribution of these events is shown in Figure 2 . Slightly more than half of the events (56%) occurred in the first 8 weeks of the 16-week exercise program.
The following anticipated AEs occurred and were attributed to study participation (percentages of participants are shown in Fig. 3 ):
• Joint or muscle pain that affected exercise duration or attendance 
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• Significant hypoglycemia (blood glucose level of Ͻ70 mg/dL) • Chest pain and shortness of breath (occurred in one participant during peak effort in the final graded exercise test of the postintervention testing session; no electrocardiography changes were noted; the participant was referred to a cardiologist, but no cardiac diagnosis was identified)
Other AEs that were not related to the study procedures but that did affect participation in exercise occurred. For example, significant hyperglycemia (blood glucose level of Ͼ300 mg/dL) was not caused by exercise but resulted in close monitoring during exercise for safety, and cold or flu symptoms occasionally caused cancellation of exercise sessions. One participant developed a foot ulcer after wearing new shoes in the community (not during study exercise), and a wound care specialist approved continued, non-weightbearing exercise in a recumbent stepper with an offloading boot. Several other issues were noted by the study team and resulted in a physician referral; these included significant foot swelling (nϭ1), hyperglycemia with a positive urine ketone test result (nϭ1), and significant hypertension at rest (nϭ1).
Changes in Outcomes
A comparison of means before and after the intervention is shown in Table 3 . Missing data occurred for a variety of reasons:
• General fatigue (nϭ17): 1 missing data point because of an incomplete form • VO 2 peak (nϭ16): 2 missing data points because final tests were not completed due to illness • Sleep quality (nϭ16): 2 missing data points because of incomplete forms 
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• Bone density (nϭ17): 1 missing data point because of report error • Plasma analysis (nϭ16): 2 missing insulin results and 1 missing all plasma results because of laboratory errors • FMD (nϭ17): 1 missing data point because the test was not completed
Significant improvements were found in the following outcomes (with 95% confidence intervals for changes): general fatigue (95% CIϭϪ1.3, Ϫ5.3), physical fatigue (95% CIϭϪ1.2, Ϫ5.0), VO 2 peak (95% CIϭ0.2, 1.9), total body fat (95% CIϭϪ0.3, Ϫ1.7), fat mass (95% CIϭϪ616.2, Ϫ2,938.7), and peripheral blood flow (95% CIϭ0.6, 4.0). No significant changes were noted in the other outcome measures.
A comparison of changes in primary outcomes between participants who completed less than 80% of the exercise sessions (nϭ10) and those who completed greater than 80% of the exercise sessions (nϭ8) revealed a significant difference between the groups for both VO 2 peak and general fatigue. A significant correlation was noted between a change in general fatigue and percentage of exercise sessions attended (rϭ Ϫ.72, Pϭ.01), as shown in the eFigure (available at ptjournal.apta.org), but not between a change in VO 2 peak and percentage of exercise sessions attended (rϭ.3, Pϭ.253).
Discussion
The present study demonstrated that a moderate-intensity, 16-week supervised aerobic exercise intervention was feasible in people with DPN, in the sense that 18 of 20 enrolled participants (90%) completed the study and no serious AEs occurred as a result of the study. Our findings are consistent with those of a systematic review of 47 randomized controlled trials of exercise in people with diabetes: dropout rates of less than 20%
and adherence rates of greater than 75%. 48 However, a surprising number of minor AEs that required intervention from our physical therapist team occurred throughout the 16-week intervention in the present study.
It is possible that the use of the VO 2 reserve formula to calculate target HR may have led to an intensity of aerobic exercise that was too high and that contributed to the high frequency of AEs. However, the target HR was used as a goal to work toward rather than a minimum threshold for effort, and a moderate RPE level was used to supplement the target HR. As AEs were highest upon initiation of the exercise program and during progression from 50% to 70% of VO 2 reserve, it is possible that increases in session intensity and duration may have been too fast. Although the progression of exercise was consistent with published recommendations for people with diabetes, 31 a slower progression may have been more tolerable for the participants, who were sedentary and had low aerobic fitness. Only a small number of previous studies on exercise in people with diabetes reported nonserious AEs, but those that were reported most commonly included hypoglycemia, cardiovascular events, and musculoskeletal injuries. 48, 49 The data raise a concern for people who may be exercising at home without supervision and may not consistently check their blood glucose or blood pressure. Complaints of joint or muscle pain were also common barriers to exercise adherence and were not necessarily neuropathic in origin. Delayed-onset muscle soreness is common after the initiation of a new exercise regimen, 50 but the complaints occurred throughout the 16-week intervention in the present study.
The results of the present study supported our hypotheses that aerobic exercise would improve selfreported fatigue and increase VO 2 peak in people with DPN. These findings add to a body of emerging research that has shown promising effects of exercise on various outcomes in people with DPN. 18 -22 However, this exploratory preliminary study had significant limitations, especially the small sample size, lack of a control or comparison group, and multiple dependent variables, which may increase the type I error rate. Although there was a potential for bias with regard to the hypothesized changes because of a lack of masking and participant expectations for change, several of the outcome measures (eg, VO 2 peak, body composition, and plasma measures) were obtained by people who were not part of the study team, and standardized procedures were used for all tests to minimize bias.
Despite these limitations, to our knowledge the present study is the first to report the effects of exercise on fatigue outcomes in people with DPN. Improvements in self-reported fatigue were found for the general and physical fatigue subscales but not for the measures of mental fatigue, motivation, or activity. At baseline, the values for general and physical fatigue in our participants (15.7 and 15.5, respectively) were higher than those previously reported (12-12.7) in people with diabetes, 36,51 perhaps reflecting the influence of neuropathy in our participants. The changes in these outcomes in our participants after exercise (Ϫ3.5 and Ϫ3.1, respectively) not only were statistically significant but also were above the minimal clinically important differences (2.0 -2.1) established for these measures in people with cancer-related fatigue. 34
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At baseline, the participants in the present study had VO 2 peak values well below the "very poor" threshold of 19.3 mL⅐kg Ϫ1 ⅐min
Ϫ1
, indicating that they were less fit than the lowest 1% of people who were 50 to 59 years old. 29 Maximum VO 2 levels below the 20th percentile are associated with an increased risk of death from all causes, indicating that our participants were at high risk if they did not improve their fitness. 29 These extremely low values may reflect the difference between VO 2 peak in the present study and the comparison maximum VO 2 . All of our participants achieved a respiratory exchange ratio of greater than 1.0 and an RPE of greater than or equal to 17 of 20 (indicating "very hard" effort) during each exercise test. However, 15 of the 18 participants (83.3%) did not achieve 85% of the age-predicted maximal HR during the baseline and follow-up tests. Diabetes is known to blunt the HR response during exercise, 29 and the use of beta-blockers in 6 participants (33.3%) likely contributed to this finding, along with fatigue and muscle endurance.
Although no other studies have reported changes in VO 2 peak after exercise specifically in people with DPN, the effects of exercise in people with type 2 diabetes have been extensively studied. A large-scale randomized controlled trial in people with type 2 diabetes showed a mean increase in VO 2 peak of 1.73 mL⅐kg Ϫ1 ⅐min Ϫ1 after 6 months of aerobic training. 8 This change was greater than that in the present study, possibly reflecting the longer duration of the intervention. In other studies, submaximal tests were used to estimate aerobic fitness, 14,49,52 making a comparison of values difficult.
It was interesting that a significant relationship was found between a change in general fatigue and exercise attendance but not between a change in aerobic fitness and exercise attendance, as would be expected. Fatigue is a complex construct with multiple potential contributing factors, including sleep quality, pain, obesity, and depression. 26, 53 The increased response of fatigue to the dose of exercise may have been due to the cumulative effects of exercise on these factors and may reflect motivational influences as well.
We did note significant decreases in body fat and increases in peripheral vascular blood flow after the exercise intervention. Other studies have identified peripheral vascular dysfunction as an important contributor to decreased exercise capacity in people with type 2 diabetes 54, 55 and have reported that aerobic exercise can improve FMD, 56,57 but these parameters were not previously studied or reported specifically in people with DPN.
The baseline HbA 1c values in our participants indicated that many would not be considered to have "wellcontrolled" diabetes, as the average HbA 1c value was above the recommended goal of 7%. 15 People with HbA 1c values of greater than 7% have been found to have higher levels of oxidative stress and inflammatory markers than people who have diabetes and HbA 1c values of less than 7%. 58 The lack of change in HbA 1c in our participants after exercise was surprising and inconsistent with a large body of research on the change in HbA 1c with exercise in people with diabetes. 59 However, this parameter has not been extensively studied in people with DPN.
In conclusion, the present study provides new support for improvements in fatigue, fitness, and several potential contributing factors after a supervised exercise intervention in people with DPN. However, a future largescale randomized controlled trial is needed to fully assess the effects of exercise on these outcomes. Physical therapists can play an important role in the prescription of exercise intensity on the basis of the initial level of aerobic fitness and may need to provide close monitoring and education to address the anticipated AEs related to glycemic control and musculoskeletal pain as people who are sedentary and have DPN begin an exercise program. 
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